The characterization of chaotic attractors has been a widely addressed problem and there are now many different techniques to define their nature in a rather accurate way, at least in the case of a three-dimensional system. Nevertheless, the link between the structure of the ordinary differential equations and the topology of their solutions is still missing and only a few necessary conditions on the algebraic structure are known today. By using a feedback circuit analysis, it is shown that it is possible to identify the relevant terms of the equations, that is, the terms that really contribute to the structure of the phase portrait. Such analysis also provides some guidelines for constructing piecewise affine models. Moreover, equivalence classes can be defined on the basis of the active feedback circuits involved. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2645725͔
I. INTRODUCTION
The properties of the phase portraits induced by nonlinear dynamical systems have been widely investigated. This was in fact the program left by Poincaré when he realized that the three-body problem does not have any general analytical solution. 1 The main reason chaotic behaviors are investigated mainly in phase space is that the presence of a single nonlinearity is often sufficient to prevent any analytical computation. There are some ways to circumvent such a problem. For instance, numerical computations ͑simulations͒ are very useful in understanding how the system evolves in phase space, although they do not usually provide any analytical solution. Another possible approach, which does permit some analytical exercise, is to transform the nonlinear system into a linear one. In the latter case, however, the results can only be of a local character, and a more global approach is still missing.
The idea to approximate a nonlinear dynamical system by a piecewise affine model is not new and was used, for instance, by Lozi 2 to approximate the Hénon map. 3 Approximations to continuous nonlinear dynamical systems were also considered, but the number of subsystems involved was too large to be of any interest for any analytical study. [4] [5] [6] This paper is concerned mainly with the global analysis of continuous autonomous nonlinear dynamical systems. In order to achieve this, we employ the concept of feedback circuits, which are a tool that in many cases will provide a rough idea of how the dynamics and the system equations are linked. Also, a procedure to build piecewise affine ͑or switched͒ models will be used. The aim with this is twofold. First, being a method for synthesis, it is used as a means to check the main conclusions arrived at through feedback circuit analysis. Second, switched models have attracted a great deal of attention recently, not only as a means to build devices with complex dynamics from simple elements, 7 but also as a way to directly applying results that are available either for linear or switched systems. 8 See Ref. 9 and references therein for other examples. Finally, the Lorenz system was chosen as a benchmark. A first study that considered mainly the Rössler system and gave some hints as to how to address the Lorenz system was presented in Ref. 10 . It seems important to mention that to start from a switched model, such as the Matsumoto-Chua circuit, would hinder us from assessing the full procedure because the concept of feedback circuit analysis was developed to deal with nonswitched systems. In the remainder of this Introduction, some background and some basic references on the main parts of the paper will be provided.
Since the seminal paper by Lorenz back in 1963, 11 Lorenz-like dynamics were identified in different physical systems as in hydrodynamics, magnetohydrodynamics, lasers, etc. An extended investigation of the underlying dynamics of the Lorenz system was given by Sparrow in terms of periodic orbits and symbolic dynamics. 12 A first topological analysis was provided by Birman and Williams, using the concept of a knot-holder, commonly called a template. 13 The Lorenz system has a rotation symmetry around the z axis. This symmetry can be conveniently taken into account to improve the understanding of its dynamics. 14 The role played by this symmetry is not so trivial, and it may affect the observability of the system depending on which variable͑s͒ is ͑are͒ measured. 15, 16 When the Lorenz dynamics is investigated by means of a Poincaré section, it immediately becomes obvious how the symmetry complicates the analysis. In the case of a system with symmetry properties, it was shown that the Poincaré section is in fact the union of many Poincaré surfaces, one being related to the others by the symmetry. For instance, the number of different surfaces is related to the order of the symmetry. 17 This received a more general formulation in the context of the bounding tori, which are closed surfaces surrounding the attractor. 18 Basically, a bounding torus has a genus g equal to the number of fixed points surrounded by the flow. Saddles are distinguished from foci. The Poincaré section is the union of ͑g −1͒ Poincaré surfaces.
Recently, a piecewise affine model was proposed for the Lorenz system by the means of two linear subsystems based on the Jacobian matrix estimated at each of the saddle foci. 10 Basically, an affine system was associated with each fixed point of the focus type. Such affine systems were built using the Jacobian matrix of the system evaluated at the corresponding fixed point. As mentioned in the context of the bounding tori, the saddle fixed points have to be distinguished from the focus fixed points. It was thus shown that a switching surface was sufficient to take into account the role played by the saddle fixed point located at the origin of the phase space of the Lorenz system. 10 The chaotic attractors solution to the piecewise affine model were thus topologically equivalent to those solutions to the original Lorenz system. One of the great advantages of the piecewise affine models built according to our procedure is that they convert a nonlinear dynamical system into a switched system with a small number of linear subsystems. This feature turns out to be very useful because it makes it possible to return to analytical computations that will be useful for investigating the link between the algebraic structure of the ordinary differential equations and the topological properties of the chaotic attractor in the phase space.
Some effort has been devoted to the qualitative analysis of dynamical systems. This is the so-called feedback circuit analysis as introduced by Thomas ͑see Refs. 19 and 20 and references therein͒. It is based on an analysis of the signs of the products occurring in the determinant of the Jacobian matrix of the system. It constitutes an original and powerful approach to investigate the algebraic structure of the ordinary differential equations in relation to the topology of their corresponding phase portraits. In such an approach, the dynamics of a nonlinear dynamical system is considered as resulting from the interactions of full feedback circuits, one being associated with each product of the Jacobian of the system studied.
In this paper, nine Lorenz-like systems will be investigated using the feedback circuit analysis in order to determine the relevant terms on the right-hand side of the corresponding ordinary differential equations. In particular, it will be shown how they contribute to the topology of the phase portrait. Moreover, these nine systems share the same description in terms of an active feedback circuit, which can therefore be used to define an equivalence class. Meanwhile, such an analysis provides guidelines for constructing piecewise affine models.
The rest of the paper is organized as follows. Section II is devoted to a brief introduction of the feedback circuit description with the Lorenz treated as an example. Section III describes the algebraic structure of the nine Lorenz-like systems in terms of feedback circuits. Section IV addresses the problem of constructing piecewise affine models from a feedback circuit analysis, and Sec. V presents a conclusion.
II. FEEDBACK CIRCUIT ANALYSIS
The ideas of feedback circuits were developed in the context of dynamical systems with linear step-function dynamics. 21, 22 Such an analysis was then extended to more general dynamical systems. 19, 20 It provides a good starting point to investigate how the algebraic structure of ordinary differential equations is related to their asymptotic behaviors. In this spirit, the analysis of some simple chaotic flows brought to light the important role the double nullcline can have on the topology of the attractors. 19, 23 Feedback circuits can thus serve as a qualitative guide to interpret differential equations, at least in some cases.
Let us start with a dynamical system
described in a three-dimensional phase space for the sake of simplicity. The interactions between the dynamical variables x i can be defined using the elements of the Jacobian matrix. Variable x j acts on variable x i when the element J ij of the Jacobian matrix is nonzero. This action is positive or negative depending on the sign of element J ij . A full circuit is defined as a sequence of nonzero elements in the Jacobian matrix corresponding to one of the products appearing in the analytic expression of its determinant. For a threedimensional system, the Jacobian reads
and up to six full circuits can be identified. Partial feedback circuits that do not involve all dynamical variables are also of interest. Thus, for three-dimensional systems, a partial circuit is defined by a two-element product J ij J ji ͑i j͒ or by a single element J kk . The six full circuits identified for three-dimensional systems can be classified into two groups. The first group is decomposable while the second is not.
• Decomposable. The full circuit is the union of partial circuits. It may be either the union of one two-element circuit J ij J ji ͑i j͒ and one single-element circuit J kk ͑k i and k j͒, or the union of three one-element circuits, J kk .
• Nondecomposable. The full circuit cannot be decomposed into the union of partial circuits. 
,
In the case above, the associated fixed point can be a node, a node focus, a saddle focus ͑SF + or SF − ͒, or a saddle. In the case of circuit J ii J jj J kk , the eigenvalues are the diagonal elements themselves. All these elements are real and the associated fixed point is a node or a saddle point.
When the system is linear, all the elements of the Jacobian matrix are constant and, consequently, a single fixed point can be associated with each full circuit. In the nonlinear cases, the values of the Jacobian matrix vary through phase space, which can be partitioned into different domains in which the circuits have the same types of eigenvalues.
The case of the Lorenz system
The Lorenz system is now used as an example of such a feedback circuit analysis. The Lorenz system
has three fixed points with coordinates as follows:
͉ ͑5͒
For ͑R , , b͒ = ͑28,10,8/3͒, the asymptotic behavior is chaotic. F 0 is a saddle and F ± are two saddle foci related by a rotation symmetry around the z axis. The Jacobian matrix of the Lorenz system reads
Among the six possible circuits contributing to its determinant, only four full feedback circuits are identified since the other two are zero due to J 13 = 0. The four circuits and their corresponding eigenvalues are reported in Table I . Among them, circuit J 11 J 22 J 33 and circuit J 11 J 23 J 32 correspond to a stable fixed points. There is no such fixed point for the parameter values associated with a chaotic attractor. These circuits are therefore not active, that is, they are not relevant for the topology of the phase portrait. Only the two remaining circuits could potentially contribute in a significant way to the topology of the Lorenz system. The algebraic sign of the circuit J 12 J 23 J 31 =−xy depends on the location in the phase space. Its associated eigenvalues are computed from the Jacobian matrix only made of J 12 , J 23 , and J 31 , that is,
They are 1,2,3 = ͱ 3 − xy.
͑8͒ They correspond to a saddle focus SF − when xy is positive, that is, in the domain of the phase space containing the two fixed points F ± . The circuit J 12 J 23 J 31 is thus active in these two domains. A simple partition of the phase space would be a plane defined by y =−x. All planes containing the z axis orientated with an angle less than 2 with the y axis would be appropriate too.
The circuit J 33 J 12 J 21 =−b͑R − z͒ has a product with a sign that depends on the location in the phase space. When estimated at the fixed point located at the origin, its eigenvalues correspond to a saddle. It is therefore associated with the fixed point F 0 . It is thus active. The sign of its product J 33 J 12 J 21 leads to a partition of the phase space by the plane z = R, a partition that does not bring any obvious understanding of the structure of the Lorenz attractor.
Since the circuit J 33 J 12 J 21 is decomposable, it is also possible to only consider the partial circuit J 12 J 21 as follows. The eigenvalues of the partial circuit J 12 J 21 are computed from the 2 ϫ 2 Jacobian matrix
which only involves variables x and y. The eigenvalues have the form
and correspond to stable foci when z Ͼ R + ͓͑ −1͒ 2 / 4͔͑=30.025͒ and to saddles when z Ͻ R −1͑=27͒ for the common parameter values. This partial circuit involves the x and y dynamical variables. It corresponds to the double nullcline null x പ null y obtained by setting to zero their derivatives, that is,
The double nullcline is thus defined by x = y = 0 for any z value. It thus corresponds to the z axis. Note that the saddle F 0 belongs to the z axis. This double nullcline null x പ null y is therefore more relevant than the fixed point F 0 , as shown below. Since, for the common values, the attractor is quite far from the z axis when z Ͼ R −1 ͑see the next section͒, the attractor is mainly influenced by the segment of the z axis with a transverse manifold made of saddles. It was shown in a previous investigation 24 that the topology of the Lorenz attractor was mainly induced by the two saddle foci F ± and the z axis. From the present feedback circuit analysis, it was thus possible to find these relevant ingredients. The Lorenz system is therefore characterized by the full circuit J 12 J 23 J 31 responsible for the two symmetry-related saddle foci F ± and the partial circuit J 12 J 21 associated with the double nullcline null x പ null y defined as the z axis.
III. RELEVANT SINGULAR SETS FOR LORENZ-LIKE ATTRACTORS
It was recently shown that ten chaotic systems belong to the topological class for which the Lorenz system can be considered as the emblem. 24 The equations of these systems are reported in Table II . All these systems are quadratic with at least five terms on the right-hand side of the equations. Some of them have been rewritten with a permutation between the variables in such a manner that all of them are invariant under a rotation symmetry R z ͑͒ around the z axis. They have at least two fixed points F ± related by the rotation symmetry. The Burke and Shaw system has been rewritten under a reflection symmetry ͑x ‫ۋ‬ −x͒ to have the same orientation in the phase space as most of the others, that is, the two fixed points F ± are located on the first bisecting line of the x-y plane. Only the Shimizu-Morioka and the Rucklidge systems have their fixed points located along the x axis ͑Fig. 1͒. In all cases, the two fixed points F ± are saddle foci SF − as for the Lorenz system. All these systems have two active feedback circuits. There is one full circuit whose eigenvalues correspond to saddle foci SF − when they are estimated at the fixed points F ± . For all the systems, excepted the Sprott C system ͑later 
͑12͒
corresponding to a saddle focus SF − . For all the systems, the second active circuit is the partial circuit J 12 J 21 , which always depends on the z variable ͑Table III͒. As for the Lorenz system, the partial circuit J 12 J 21 defines a double nullcline null x പ null y corresponding to the z axis. As for the Lorenz system, the z axis always has a transverse manifold made of foci, node, and saddles depending on the z value ͑according to the dependence on the z value of the product J 12 J 21 ͒. Consequently, as for the Lorenz system, the two relevant singular sets for the structure of the phase portraits induced by these systems are the two symmetry related saddle foci F ± and the double nullcline null x പ null y , which corresponds to the z axis. For the first five systems, there is a third fixed point F 0 located at the origin of the phase space. It always belongs to the double nullcline null x പ null y and is not the most relevant singular set for the topology of the phase portrait.
As shown in Figs. 1 and 2, these nine systems produce two types of chaotic attractors. The first type corresponds to the attractor sometimes called the Burke and Shaw attractor. 32 Such attractors are only made of foldings 24 and are surrounded by a genus-1 bounding torus. Their firstreturn maps to a Poincaré section are everywhere differentiable. The parameter values reported in Figs. 1 and 2 for the genus-1 attractor correspond to a nearly complete symbolic dynamics ͑all possible symbolic sequences are realized within the attractor͒ as described in Ref. 32 for the Burke and Shaw system. This symbolic dynamics is constructed with four symbols as suggested by the first-return maps, which are made of four monotonic branches. 32 The single hole of the genus-1 bounding torus corresponds to a focus. 18 The second type of attractor shown in Figs. 1 and 2 corresponds to the Lorenz attractor that is surrounded by a genus-3 bounding torus. Two holes surround the two symmetry-related fixed points F ± . From the bounding tori description, the hole in the middle of the attractor ͑in fact the z axis͒ must correspond to a saddle. 18 The parameter values reported in Figs. 1 and 2 are chosen to have a first-return map with a nondifferentiable critical point ͑a cuspide͒ corresponding to a two-symbol dynamics nearly complete.
According to the bounding tori description, the main departure between these two types of attractors is that the genus-1 attractor has to be structured around a focus while the genus-3 attractor has to be organized around a saddle. From the feedback circuit analysis, only the double nullcline null x പ null y -the z axis-can explain such a change. According to the previous analysis on the Lorenz system, the z axis has a transverse manifold of saddles, node, or foci as reported in Table IV. The nature of the attractor thus depends on its location around the z axis and on the closeness of the trajectory to the different segments of the z axis. For both types of attractors, the minimum distance d min ͑relative to the size of the attractor͒ between the attractors and the z axis was computed with their corresponding z value, z d . Moreover, the relative distance between the attractor and the z axis was also computed on the plane z = z c = R + ͓͑ the minimum distance d min is observed close to the plane z = R − 1 and remains more than 1% of the attractor size. Meanwhile, the attractor is not so far from the foci ͑4.5% of the attractor size in the plane z = z c ͒. This means that the upper part of the attractor is quite influenced by the transverse stability of the z axis corresponding to foci ͓Fig. 3͑a͔͒. Contrary to this, for the genus-3 attractor, the minimum distance between the attractor and the z axis is very small ͑0.18% of the attractor size͒ and in a plane ͑z = 12.8͒ clearly below the threshold where the transverse stability switches from a saddle type to a node type ͓Fig. 3͑b͔͒. As seen in the latter figure, the attractor is close to the z axis when its transverse stability corresponds to a saddle and quite far ͑more than 10% of the attractor size͒ from the z axis with a focus transverse stability. This is therefore consistent with the bounding tori description. For each type of attractor, the vector field of the Lorenz system is plotted on the plane z = z d corresponding to the minimum distance d min and on the plane z = z c ͑Fig. 4͒. For both cases, the vector field evidences a transverse stability to the z axis corresponding to a saddle for z = z d and to a focus for z = z c . The stable eigendirections of the saddle defines the separatrix between a reinjection of the trajectory in the same wing and a transition from one wing to the other. The main difference between the two cases shown in Fig. 4 is the orientation of these stable eigendirections. Such a feature will be of importance when piecewise affine models are discussed in the next section.
All diagonal elements of the Jacobian matrices of all the systems are constant. The fixed point F 0 has been shown to be a nonrelevant singular set for the topology of the Lorenzlike attractors. This is why topologically equivalent attractors can be found, even in systems not having this fixed point. On the other hand, the systems must have the two saddle foci related by the rotation symmetry around the z axis and a z axis with a transverse stability that switches from a saddle to a node and then to a focus. Such singular sets are therefore dominant.
It can be observed that all the systems presenting the fixed point F 0 have the decomposable full circuit J 33 J 12 J 21 , which always depends on the z variable. Since the partial circuit J 12 J 21 is identified in all systems, only the lack of element J 33 is responsible for the absence of the fixed point F 0 ͑this can be checked in Table II͒ . The nine cases considered here have at least two nonlinearities. All of them have the term xz in the second equation and one of the three quadratic possibilities permitted by the rotation symmetry R z ͑͒, that is, x 2 , xy, or y 2 , can be used in the third equation. The term y 2 is only used in the Sprott C system, which is minimal in the sense that it has only five terms on the righthand side of the equations. It was shown that the simplest equivariant system with five terms but a single nonlinearity has an inversion symmetry and not a rotation symmetry. 33 The Sprott C system could therefore be the minimal-from the algebraic point of view-equivariant system with a rotation symmetry. From the feedback point of view, the Sprott C system is also minimal since it has only a single full circuit ͑J 11 J 23 J 32 ͒. For these reasons, it is not surprising that some difficulties were encountered in observing an attractor solution to the Sprott C system with a first-return map only made of two monotonic branches split by a cuspide as a critical point like the original Lorenz map. Indeed, it is known that minimal systems often have a small domain of the parameter space over which a chaotic attractor is observed. 34 A similar comment can be made for the Sprott B system, which has also five terms but two full feedback circuits ͑J 12 J 23 J 31 and J 11 J 23 J 32 ͒, a single one being active. Among the five systems with three fixed points, the Shimizu-Morioka and the Rucklidge systems are those that have only two full circuits while the three others have four ͑Table III͒. These are the only two to have the three fixed points located along the x axis. First, only these two circuits confirm the fact that additional nonactive full circuits are not relevant for the topology of the attractor. We could conjecture that the nonactive full circuits ͑J 11 J 22 J 33 and J 11 J 23 J 32 ͒ only induce rotation in the phase space ͑to locate the fixed points along the first bisecting line͒ or eventually a rescaling as observed in the Chen-Ueta system ͓Fig. 1͑b͔͒. The fact that some terms were not important for the topology of the attractor was already mentioned by Lainscsek 35 in the context of global modeling using an ansatz library. 36 The feedback circuit analysis is thus helpful to understand the role the algebraic structure of the equations may have on the topology of the phase portrait. 
IV. GUIDELINES FOR BUILDING PIECEWISE AFFINE MODELS
In a recent study, a new procedure to construct piecewise affine models was introduced. 10 Basically, the idea was to associate one affine subsystem with each fixed point of the focus type, the subsystems being linked by switching surfaces. In the Lorenz case, it was found that the fixed point of the saddle type did not need to be associated with an affine subsystem and that its role, which is to separate the two foci, Table IV .
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was reproduced by the switching surface. From the previous feedback circuit analysis, it has been shown that the saddle fixed point F 0 was not a relevant ingredient for the topology of the Lorenz attractor. It thus provides a good justification of the way the piecewise affine model of the Lorenz attractor was previously constructed. Moreover, by plotting the vector field in a plane transverse to the rotation axis ͑Fig. 4͒, it was shown that the main departure between the genus-1 and the genus-3 attractors was the orientation of the switching surface, that is, the stable manifold of the saddle associated with the transverse stability of the double nullcline null x പ null y ͑the z axis͒. According to the first piecewise affine model 10 and the previous feedback circuit analysis, a piecewise model for the Lorenz attractor is based on two linear subsystems, each one built from the Jacobian matrix of the Lorenz system estimated at each of the two symmetry-related saddle foci F ± . The switching surface must be the separatrix between the domains of influence of each fixed point, that is, roughly, a plane defined by y =−x as suggested by the product J 12 J 23 J 31 =−xy ͑each fixed point is located in such a way that xy Ͼ 0͒. The switching line is thus mainly orthogonal to the first bisecting line where the two fixed points F ± are located. In order to preserve the symmetry properties, the switching surface has to contain the rotation axis. From our previous analysis, the orientation of the switching surface can be an important parameter. In the piecewise model, the switching surface will thus depend on the angle between the switching surface and the x axis. The piecewise affine model thus reads 
where has to be within the interval ͓ 0; 2
Since there is a new parameter in the piecewise model ͑13͒ that is the angle , the solution of this model will rarely correspond exactly to those observed with the original system ͑with the same parameter values͒. The parameter values have to be adjusted to balance the effect of the displacement in the parameter space necessarily induced by the introduction of the switching surface as well as the linearization. A similar effect was observed when discretization of ordinary differential equations was performed using nonstandard scheme. 37 As a matter of fact, two chaotic attractors topologically equivalent to the attractor solution to the original Lorenz system were obtained ͑Fig. 5͒. The genus-3 attractor was obtained very easily over a wide interval of values ͓Fig. 5͑b͔͒. The R-parameter value was adjusted to produce a well developed chaos. The genus-1 attractor was only observed for a rather limited range of values. Moreover, the appropriate value for the genus-1 attractor should be slightly smaller than for the genus-3 attractor as suggested by the vector field of the Lorenz system ͑Fig. 4͒. It seems that the piecewise model is quite fragile around the switching surface and the time step was decreased to 2 ϫ 10 −3 to avoid numerical instabilities. The main reason that could explain such a lack of robustness is related to the fact that the genus-1 attractor is structured by a focus around the z axis, a component that is not introduced in the piecewise affine model ͑13͒. Adding a third subsystem to this piecewise affine model is beyond the scope of this paper and is postponed for future works.
In a previous study, a genus-1 attractor was obtained with a switching surface with = 0.68. Such a surface is not in agreement with the conclusions obtained from the feedback circuit analysis since it is roughly in the middle of the domains of influence of fixed points F ± . It is therefore not surprising that the shape of the attractor is quite different from those expected ͓compare Fig. 1͑a͒ with Fig. 6͔ . The last example shows that the orientation of the switching surface acts as a bifurcation parameter. The feedback circuit analysis therefore helped us to better design the piecewise affine model.
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V. CONCLUSION
By applying a feedback circuit analysis, we were able to identify by analytical computations the relevant singular sets contributing to the topology of the Lorenz attractor. It was thus shown that the two symmetry-related saddle foci result from a full nondecomposable circuit. These two fixed points are responsible for the oscillating properties of the Lorenz system. Another singular set important for the topology of the Lorenz attractor is not the saddle located at the origin of the phase space but a double nullcline that corresponds in fact to the rotation axis. This axis was found to be made of segments associated with different transverse stability. When the transverse manifold corresponds to a saddle, a tearing mechanism is induced, leading to a chaotic attractor topo- logically equivalent to the common Lorenz attractor observed with the original parameter values chosen by Lorenz. When the parameter values are different, it has been shown that the location of the attractor may be in such a way that it is closer to the segment with a focus as a transverse manifold. The double nullcline thus induces a folding, leading to a very different attractor that is topologically equivalent to the attractor originally observed in the Burke and Shaw system. The feedback circuit analysis provides an accurate description of this feature.
Nine quadratic systems have been investigated. All of them share a rotation symmetry around the z axis, two symmetry-related saddle foci, a double nullcline-in fact associated with the rotation axis-made of three segments with a transverse stability being associated with a saddle, a node, and a focus, respectively. All these properties are encoded into two feedback circuits that define an equivalence class for the Lorenz-like systems. We thus showed that particular topological structure are induced by particular elements of the Jacobian matrix of the system. For instance, from the nine systems investigated, it was deduced that the presence of the saddle at the origin of the phase space requires the presence of the element J 33 in the Jacobian matrix. On the other hand, the elements corresponding to the active circuits ͑full or partial͒ are important for the topology of the phase portrait while the others should only contribute to its orientation and its shape.
The feedback circuit analysis also provides some guidelines to build piecewise switching models. The model previously obtained was thus improved. Other applications of the feedback circuit analysis should appear soon in control theory, embedology, or observability-related problems.
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